Friction in airway smooth muscle: mechanism, latch, and implications in asthma. J. Appl. Physiol. 81(6): 2703-2712 , 1996 .-In muscle, active force and stiffness reflect numbers of actin-myosin interactions and shortening velocity reflects their turnover rates, but the molecular basis of mechanical friction is somewhat less clear. To better characterize molecular mechanisms that govern mechanical friction, we measured the rate of mechanical energy dissipation and the rate of actomyosin ATP utilization simultaneously in activated canine airway smooth muscle subjected to small periodic stretches as occur in breathing. The amplitude of the frictional stress is proportional to hE, where E is the tissue stiffness defined by the slope of the resulting force vs. displacement loop and h is the hysteresivity defined by the fatness of that loop. From contractile stimulus onset, the time course of frictional stress amplitude followed a biphasic pattern that tracked that of the rate of actomyosin ATP consumption. The time course of hysteresivity, however, followed a different biphasic pattern that tracked that of shortening velocity. Taken together with an analysis of mechanical energy storage and dissipation in the cross-bridge cycle, these results indicate, first, that like shortening velocity and the rate of actomyosin ATP utilization, mechanical friction in airway smooth muscle is also governed by the rate of cross-bridge cycling; second, that changes in cycling rate associated with conversion of rapidly cycling cross bridges to slowly cycling latch bridges can be assessed from changes of hysteresivity of the force vs. displacement loop; and third, that steady-state force maintenance (latch) is a low-friction contractile state. This last finding may account for the unique inability of asthmatic patients to reverse spontaneous airways obstruction with a deep inspiration. hysteresis; resistance; shortening velocity; cross bridge IN MUSCLE, ACTIVE FORCE AND STIFFNESS reflect numbers of actin-myosin interactions and shortening velocity reflects their turnover rates (18), but the molecular basis of mechanical friction is a good deal less clear (25, 33, 41, 43, 45, 51) . Before 1938, it was accepted that there exists within biological tissues a classic viscous behavior, in which the frictional stress depends on the shear rate (implying a rate-dependent microscale viscous stress) with the coefficient of proportionality being a tissue viscous resistance (R); all other factors being equal, the greater the shear rate,
IN MUSCLE, ACTIVE FORCE AND STIFFNESS reflect numbers of actin-myosin interactions and shortening velocity reflects their turnover rates (18) , but the molecular basis of mechanical friction is a good deal less clear (25, 33, 41, 43, 45, 51) . Before 1938, it was accepted that there exists within biological tissues a classic viscous behavior, in which the frictional stress depends on the shear rate (implying a rate-dependent microscale viscous stress) with the coefficient of proportionality being a tissue viscous resistance (R); all other factors being equal, the greater the shear rate, the greater would be the frictional stress. Hill (19) and Bayliss and Robertson (3) , however, demonstrated that friction in skeletal muscle and in lung tissue does not fit the classic notion of a viscous stress in any simple sense. This was not meant to imply that the viscous description is wrong but only that such a viscosity would have to exhibit characteristics that depart markedly from the classic Newtonian viscosity and that are yet to be accounted for on the grounds of mechanism.
More recently, these and other observations that conform only with difficulty to the classic viscous concept were shown to conform rather naturally to an empirical approach called structural damping, in which the frictional stress is taken to depend on the magnitude of the elastic stress with the coefficient of proportionality being the hysteresivity (h); all other factors being equal, the greater the elastic stress, the greater would be the friction (12, 14) . The overriding simplicity with which structural damping organizes diverse observations, particularly in the cases of connective tissues and the contractile responses of intact lung and lung parenchymal strips (11, 28-30, 34, 37) , implies that it captures some essential attribute of mechanism (12) . The specific molecular process linking the frictional stress to the elastic stress in active contractile systems, however, has not been identified and is the focus of this article.
Even though they differ in underlying concept, the viscous and the structural damping approaches describe the same tissue frictional stress. As such, the amplitude of the frictional stress (per unit strain) can be given as either vR by the classic viscous approach or hE by the structural damping approach, where v is the radian frequency at which airway smooth muscle is stretched, as in breathing; E is the tissue stiffness (or elastic modulus) defined by the slope of an incremental force (or stress) vs. displacement (or strain) loop; and h is a nondimensional index of the fatness (hysteresis) of that loop, which is indicative of the presence of mechanical friction (12) . Thus
This identity shows that tissue frictional stress, which is classically represented as being proportional to frequency and the viscous character of the tissue, vR, can be thought of instead as a fraction, h, of the elastic stress (which is proportional to E). This decomposition of friction into the product of h and E is instructive for several reasons (11, 12, 29) , not the least of which is that E in muscle is already known to be determined primarily by the number of attached cross bridges (4, 5, 8, 20, 35, 50) . The principal thesis of this communication is that the hysteresivity of activated airway smooth muscle has an equally simple molecular basis, namely, the rate at which cross bridges cycle.
A HYPOTHESIS FOR THE MOLECULAR BASIS OF FRICTION
The sliding-filament model of Huxley is generally believed to govern the mechanics of both smooth and striated muscle (8, 20, 35 ). Huxley's original model holds that the cross bridge cycles between two states: a force-generating state in which the myosin head is attached to the actin filament and a non-force-generating state in which the myosin head is detached from actin. Although subsequent evidence revealed numerous intermediate states of myosin binding (5, 8, 21, 35) , turnover between force-generating and non-forcegenerating groups of states can be treated by two apparent rate constants (4) (f app and g app ), corresponding to the original attachment and detachment rate constants f and g described by Huxley (20) . With the induction of contraction of smooth muscle, rapidly cycling cross bridges convert to slowly cycling latch bridges, and, as they do, f app , g app , and the rate of utilization of adenosine triphosphate (ATP) decrease progressively with time (8, 35, 50) .
The relationship between mechanical friction, crossbridge cycling rate, and utilization of ATP is developed as follows. During externally imposed periodic stretch (as occurs with breathing for airway smooth muscle or with the cardiac cycle for vascular smooth muscle), the myosin head attached to the thin filament is stretched from its equilibrium position and, like a perfect spring (20, 21) , stores strain energy in the S2 myosin subfragment on a periodic basis (Fig. 1) . During periodic stretch the cross bridge can detach spontaneously or, if the yield stress is exceeded, can rupture not unlike a stretched fiber of Velcro (12) , and, in either event, the myosin head recoils to its unstretched equilibrium position in a thermodynamically irreversible deformation. Among an ensemble of attached myosin heads there would be a distribution of strains at any instant, and across that ensemble the average detachment event would entail loss of a portion of the average energy store (u) that had been invested to bind the myosin head to actin and stretch it from its equilibrium position (41) . If so, the total macroscopic mechanical energy dissipation (F) per period of imposed strain would be the product of the number of myosin heads attached (N), the fraction of those attached heads that detach per unit time (g app ), the period duration [T (5 2p/v)], and the average energy loss per detachment
This mechanical energy loss stems from imposed periodic stretch and is liberated as heat in excess of the maintenance heat. The structural damping approach expresses this energy loss as a fraction (h) of the total internal energy content (U) invested at peak tissue strain. Thus F 5 hU. The total internal energy at peak tissue strain is simply u times the number of bridges attached been hidden in h o and g app . Further elaboration of these factors is of substantial interest but will not alter the essential points highlighted by this analysis. The implications of cross-bridge detachment for metabolic energy dissipation, as distinct from mechanical energy dissipation, are reasoned as follows. If we consider for the moment that part of ATP utilization that can be attributed to cross-bridge cycling (26, 38) , as a lower bound one molecule of ATP must be hydrolyzed for each detachment event (42) , and the rate of actomyosin ATP utilization (mATPase) would be
where t is time. If k o is the stiffness per cross bridge, from Eqs. 1-5 the governing equation of chemomechanical equivalence would then be
This relationship holds that the rate of metabolic energy dissipation (mATPase) and the material moduli characterizing mechanical friction (R or h) share the cross-bridge detachment event as their common molecular basis. It leads to the second testable prediction, namely, that respective time courses of mATPase(t) and R(t) should be coincident (Eq. 6). Finally, bearing on the hypothesized relationship (Eq. 4) between h and cross-bridge cycling rates is a third and independent line of reasoning. The maximal unloaded velocity of shortening (V max ) is believed to be controlled principally by the rate of cross-bridge cycling (20, 24) . This logic leads to the further prediction that h(t) should display a time course that is highly correlated with that of V max (t).
METHODS
Tissue preparation. Tracheal smooth muscle was isolated from mongrel canines. Excess connective tissue and the epithelium were removed. The muscle strip was weighed, its unloaded resting length was measured, and then it was placed in a circulating bath of Krebs solution (containing in mM: 118 NaCl, 4.6 KCl, 1.0 NaHCO 3 , 1.8 CaCl 2 , 0.5 MgSO 4 , and 11.1 glucose, 7.3 pH) maintained at 10°C and aerated with 95% O 2 -5% CO 2 . The ends of the strip were glued to small metal clips attached to straightened steel music wires and then mounted in a custom-designed tissue bath aerated (95% O 2 -5% CO 2 ) and maintained at 37°C by a water jacket. The upper wire was attached to a force transducer and the lower wire to the servo-controlled lever arm. After equilibration for 1 h, the strip was brought to optimal length (L o ) in the standard manner by using electric field stimulations (EFS) adjusted for optimal response, beginning with ,50 V at 40 Hz, 1.5-ms pulse duration, for 30 s.
Mechanics and tidal stretch. Following the method of Fredberg et al. (11) 
were imposed by using a servo-controlled lever arm (model 305B, Cambridge Technologies). Force was measured by an independent force transducer (model FT10, Grass). After appropriate analog signal conditioning and calibration, and with special attention to phase errors, raw force and length signals were digitized, stored, and used to calculate the time courses of active development of tissue force [F(t)], elastance [E(t)], hysteresivity [h(t)], and resistance [R(t)] before, during, and after EFS by using the following definitions.
The total force in the muscle (F) is the sum of the active force (F a ), the elastic and the frictional forces 
The frictional (imaginary) part of the stress is proportional to vR or, equivalently, hE. Equivalently, h is the peak-to-peak amplitude of the frictional force normalized by the peak-to-peak amplitude of the elastic force. Corresponding stresses are force per unit area.
Shortening velocity. Small sinusoidal displacements about L o (DL/L o 5 0.5%) were imposed at 1.0 Hz by using the servo-controlled lever arm (model 305B, Cambridge Technologies). Muscular contraction was elicited by supramaximal EFS. At set times after stimulus onset (2, 4, 8, 15, or 30 s, in random order), the load on the lever arm was abruptly decreased, allowing the muscle to shorten isotonically against a small afterload. The afterload varied somewhat because of internal friction in the servo-lever system and its attachments to the muscle strip (150-640 mg) but was typically ,2% of the maximum force and ,6% of the force at the time of release, except for the 2-s time point, where the force developed was quite small. In that case, the afterload was higher (60-15%, except for dog 4 where the afterload represented 26% of developed force). After shortening was completed, EFS was turned off and the muscle was slowly stretched back to its initial length. Five-minute intervals were allowed between stimulations. Immediately after the release, the length trace sometimes exhibited a brief period of underdamped oscillations attributable to the lever arm. After these oscillations had decayed, shortening velocity was calculated as the slope of the length-time trace over the ensuing interval, typically from 100 to 400 ms after the release, although this was changed slightly between dogs to avoid the preceding underdamped oscillations. These maneuvers were performed in duplicate.
Simultaneous http://jap.physiology.org/ strips (3-4 mm long, 0.1-0.2 mm wide, 0.1-0.2 mm thick, 200-300 µg approximate wet wt) of tracheal smooth muscle were mounted in a 0.1-ml quartz cuvette that was coupled to a photometric system that measures optical and mechanical parameters of tissue simultaneously (17) . The tissues were continuously perfused (2.5 ml/min) with PSS (37°C) aerated with 95% O 2 -5% CO 2 (pH 7.4). One end of the strip was attached to a servo-controller stepper motor via stainless steel microforceps; the other end was attached via stainless steel microforceps to a calibrated force transducer (model AE801, Aksjeselskapet Mikro Elektronikk). During a 2-h equilibration period, the length of the strip was incrementally increased after repeated isometric contractions with 1 µM acetylcholine until the active force reached 4 mN, at length L ref . The strip was then chemically skinned, and DL was set at 0.5% of L ref .
Skinning procedure. Strips were perfused for 20 min with 10% Triton X-100 in relaxing solution of the following composition (25°C): 2.5 mM Na 2 ATP, 7.8 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N8,N8-tetraacetic acid, 83 mM imidazole, 5 mM phosphoenol pyruvate (PEP) 5 mM, 0.2 mM NADH, 140 units/ml lactate dehydrogenase (LDH), 100 units/ml pyruvate kinase (PK), and 5 µM calmodulin (pH 7.1 at 25°C). Tissues were perfused with relaxing solution (without Triton X-100) to remove the detergent.
NADH-linked fluorimetry. The rate of total ATP usage (ATPase) was measured by quantifying the rate of NADH consumption as previously described (17) ; the device was obtained commercially (Scientific Instruments). When ATP is hydrolyzed, ATP is regenerated from ADP and PEP by the enzyme PK. This reaction is coupled to the oxidation of NADH to NAD 1 and the reduction of pyruvate to lactate; these reactions are catalyzed by LDH. For each mole of ADP produced, 1 mol of NADH (the fluorescent compound) is oxidized (i.e., consumed) to NAD 1 (a nonfluorescent compound). Thus the rate of decrease of NADH fluorescence intensity is proportional to the rate of ATP usage. The perfusion cuvette was flushed for 7 s with fresh solution containing the constituents necessary to couple ATP hydrolysis to NADH consumption. Flushing of the cuvette with fresh solution caused an abrupt increase in NADH fluorescence. The rate of decline in NADH fluorescence between solution changes (over an 8-s period during which perfusion was stopped) is proportional to the rate of ATP usage during that time. NADH fluorescence was determined for known concentrations of NADH before each experiment so that the amount of NADH consumed during the 8-s period can be calculated and used to quantify the rate of ATP usage (µM of ATP used/s). Values for the rate of ATP usage were sampled at 0.067 Hz, whereas h, E, and R, were obtained at 1 Hz. The field of focus included most of the cuvette to provide an average measurement of NADH usage by the tissue over each 8-s interval, thus minimizing the influence of artifacts associated with NADH diffusion; the calibration procedure was designed to minimize these quantitative artifacts, and relative changes are expected to be even more reliable.
Although the percentage is very much lower in intact muscle, mATPase is believed to account for as much as 85% of total ATPase activity in Triton X-100 chemically skinned smooth muscle (1, 26, 38) . In the canine preparation used here, we found that 1) thapsigargin, ouabain, oligomycin, lanthanam, and omeprazole had no effect on the rate of ATP usage in unstimulated or maximally activated (10 25 M free Ca 21 ) skinned tissues; 2) steady-state ATPase activity was length sensitive; and 3) transient ATPase activity during force development was load sensitive. This evidence suggests, similarly, that the predominant signal in this preparation was mATPase activity.
RESULTS AND DISCUSSION
Time course of friction development. We measured the time course of F, E, and h in isolated canine tracheal smooth muscle subjected to EFS in a muscle bath (37°C) with imposed sinusoidal length changes falling within the physiological range (f of 1 Hz, amplitude DL/L o of 0.5%). With the onset of EFS, changes of E and F were closely associated, as would be expected because both depend directly on the number of cross bridges attached (50) . Changes of h, by contrast, were prominently dissociated from those of E and F (Fig. 2) . Both E and F increased monotonically to sustained plateaus, whereas h (the measure of fatness of the incremental force-length loop) showed a biphasic pattern in which it increased promptly, peaked early, and then decayed slowly, even as F and E continued to increase. E and F rose to their plateau values over similar time scales, ,1 min, whereas h rose to a peak over a time scale that was more than fivefold faster. During steady-state force maintenance, h plateaued at values below those observed during force development and even below those observed in unstimulated tissue, showing that steady- 
Mechanics of the fully relaxed state reflects noncontractile cytoskeletal elements (50) and extracellular matrix. If these passive elements are mechanically in parallel with the contractile element, then h of the composite would be determined by the stiffnessweighted h of the contractile and passive elements. Because of their relative stiffnesses, h of the activated muscle would be dominated by that of the contractile element, whereas h of the relaxed muscle would be dominated by that of the passive elements.
When EFS ended, E and F fell toward baseline values, whereas h first increased transiently above baseline and thereafter fell toward baseline (Fig. 2) . The elevation of h observed during the off-transient with EFS (Fig. 2) suggests that with deactivation, rather than detaching directly from latch, a substantial portion of bridges in the latch state might first convert to a rapidly cycling high-h state and only then detach. This is consistent with the observation that V max of airway smooth muscle increases during deactivation (23) .
We found a similar pattern of dissociation in tracheal smooth muscle of the cow, rat, and guinea pig. Moreover, these characteristic patterns have been demonstrated in lung parenchymal tissue-level and organlevel responses of the dog and guinea pig (11, 22, 29, 31) . These observations support the hypothesis (Eq. 4) and its corollary that h(t) would be expected to decrease as rapidly cycling cross bridges (high h) gradually convert to slowly cycling latch bridges (low h); E and F increase monotonically as bridges recruit, and, therefore, the time courses of E and F would be expected to dissociate markedly from that of h. To test the hypothesis in greater depth, we compared the time courses of mechanical and metabolic energy dissipation.
Friction and metabolism. Although a substantial fraction of ATP utilization during steady-state contraction is consumed by membrane-bound pumps activated by stimulation, these pumps are obliterated in the Triton X-100 detergent-skinned preparation used here (1, 26, 38) . Simultaneously with measurement of F, E, and h, we used NADH-linked fluorimetry (17) to measure the rate of ATP utilization in detergent-skinned tracheal smooth muscle fiber bundles maximally activated by 10 25 M free Ca 21 . As with the case of EFS (Fig.  2) , in this preparation changes of E and F were again closely associated with one another, whereas changes of h were prominently dissociated from those of E and F (Fig. 3) . During activation, the time courses of ATPase(t) and R(t) were closely similar (r 2 5 0.86) and their respective peak values were approximately coincident in time (Fig. 4, A and B) . After the peak, both variables exhibited closely similar rates of gradual decline to sustained plateau levels that were above those of the unstimulated tissues. When free Ca 21 concentration was decreased back to 10 29 M, ATPase activity exhibited a slight increment and thereafter returned toward baseline.
The observations depicted in Figs. 3 and 4 establish the existence of the temporal relationship between R(t) and ATPase(t) predicted by Eq. 6. The relative amplitudes of the predicted responses cannot be assessed because the value of the molecular scaling variable h o is not known, and, even in the skinned muscle fiber bundles, not all of the ATP usage can be attributed to mATPase activity. While these uncertainties await clarification, the coincidence of these respective time courses during muscle activation represents a critical confirmation of this prediction.
It should come as no surprise that there were differences evident in the mechanics of the intact vs. the skinned preparation (Fig. 2 vs. Fig. 3 ). In the intact preparation, the rates of F and E development were higher and the off-transient elevation of h was more marked. These differences may be related to the substantial differences between the preparations in temperature (37 vs. 25°C), stimuli, the rate at which the stimuli could be applied and removed, and the ability in the skinned preparation for parts of the contractile machinery and regulatory apparatus to diffuse out of the cell.
Friction and shortening velocity. At varied times, t, after the onset of a sustained stimulus (EFS) of canine tracheal smooth muscle, we measured h(t) immediately before and V max (t) immediately after a quick release to a small afterload. V max peaked at 4 s after the onset of EFS and declined thereafter, which is consistent with previous reports and with the interpretation of the progressive conversion of rapidly cycling cross bridges to slowly cycling latch bridges. Importantly, the time course of h also peaked at 4 s and declined thereafter (Fig. 5) . Throughout the contraction, changes of V max (t) and h(t) closely tracked one another; linear regression of V max (t) against h(t) in individual animals during force development yielded r 2 values ranging from 0.77 to 0.94 and, for data meaned across animals, an r 2 value of 0.98 (P , 0.0001). These data establish the existence of the predicted relationship between V max (t) and h(t) and suggest that V max and h convey substantially equivalent information concerning rate processes and their temporal modulation. That being the case, it is noteworthy that as a mechanical index of turnover rates V max is the gold standard but that, technically, h is far easier to measure.
The unification of hysteresivity with shortening velocity, actomyosin ATP metabolism, and cross-bridge kinetics implies that the time course of h(t) must at every instant track that of cycling rate. In that case, the frictional stress per unit strain (hE or vR) in activated airway smooth muscle would be roughly approximated by the product g app N or, equivalently, mATPase activity (Eq. 6). Therefore, the rate of actomyosin cycling (in contrast to classic viscosity) seems to be a major determinant of the frictional stress developed within airway smooth muscle. Taken together, these multiple lines of evidence lead us to the conclusion that, like shortening velocity and the rate of actomyosin ATP utilization (2), the hysteresivity of airway smooth muscle is governed by the rate of cross-bridge cycling.
Friction and airways obstruction in asthma. Asthma is an inflammatory disease, but the chain of causality linking airway inflammation with its ultimate mechanical consequence, airways obstruction, is multifactorial and not well defined. One attractive feature of the synthesis explored here (Eqs. 4 and 6) is that it lends a novel explanation to an intriguing part of this process. In particular, the response of the pulmonary airways to a deep inspiration has been of scientific interest because it is known to distinguish obstruction occurring spontaneously in asthma from obstruction induced by inhalation of nonspecific bronchoconstrictors. This has been discerned from the ratios of maximum expiratory flow rates measured during complete vs. partial forced expiratory maneuvers. A deep inspiration was shown to reverse airway obstruction that is induced in asthmatic and healthy subjects, whereas a deep inspiration fails to reverse obstruction that occurs spontaneously in asthmatic subjects and, most often, exacerbates the degree of obstruction (10, 27, 32, 48) . Neither the severity of the obstruction nor the neural and humoral responses to deep inspirations are able to account for http://jap.physiology.org/ these differences, leaving only postjunctional factors to consider. In this connection, Skloot and colleagues (44) have shown that they could evoke in healthy volunteers a degree of airway hyperresponsiveness indistinguishable from that in asthmatic subjects and did so, remarkably, merely by prohibiting deep inspirations. These studies represent the most compelling evidence presented to date of the long-held hypothesis that excessive airway narrowing in asthma may be caused by an intrinsic impairment of the ability of lung inflation to stretch airway smooth muscle (6, 10, 15, 36, 44) . This hypothesis is supported by the important studies of Tepper et al. (47) and Warner and Gunst (49) , who have shown that tidal lung inflations limit bronchoconstriction. A major drawback of this hypothesis, however, has been that a specific mechanism that might account for such an impairment remains unclear.
The conversion of airway smooth muscle to the latch state implies small cycling rate, and we have shown here that small cycling rate, in turn, implies small hysteresivity. We now go on to suggest that the small hysteresivity associated with the latch state might account in part for the inability of lung inflation to reverse spontaneous airway obstruction in asthma. It has been established previously that if the hysteresivity of the airway is small in comparison with that of the lung tissue to which it is physically tethered, then, in response to changes in lung volume, the airway will behave nearly elastically and, as such, will change its caliber as demanded by its own elastic pressure-area characteristic and change in the peribronchial stress by which it is distended (13) . It has been established, also, that the peribronchial distending stress is reduced immediately after a deep inspiration because of the presence of the very appreciable hysteresivity of normal lung tissues; at the same volume, lung recoil is far less on deflation than on inflation (12, 13). We note, finally, that in spontaneous asthmatic obstruction, the greater the degree of spontaneous obstruction the greater is the transient exacerbation of obstruction with a deep inspiration (27) . [The constrictor response to a deep inspiration implies that the yield force of the muscle could not have been exceeded at peak lung inflation because, if it had, obstruction would have been lessened rather than exacerbated; this is consistent with the notion that the yield force exceeds isometric force by almost 2-fold (20)].
As such, after a deep inspiration the airway with small hysteresivity must recoil passively to a smaller caliber, i.e., a more obstructed state (13, 27) . Of course, the airway in which rapidly cycling cross bridges (high h) have converted to slowly cycling latch bridges (low h) represents just such an instance (Fig. 2) . Therefore, the inability of lung inflation to reverse spontaneous airway obstruction in asthma is seen to be consistent with the assertion that airway smooth muscle in that circumstance is in the latch state. According to the analysis of Froeb and Mead (13) , increased lung parenchymal hysteresivity (7, 27, 39) and decreased airway muscle hysteresivity (i.e., latch) are not mutually exclusive in explaining failure of a deep inspiration to reverse obstruction, but the latter by itself is sufficient. Taken together, these observations point to a possible causal association between the latch state of airway smooth muscle and the failure of a deep inspiration to reverse spontaneous obstruction in asthma.
In contrast, a deep inspiration does reverse obstruction of matched severity that is induced in healthy and asthmatic subjects. This suggests that the hysteresivity of the activated airway smooth muscle in induced obstruction, as distinct from spontaneous obstruction, is increased, becoming larger than that of lung tissues to which it is tethered. In this case the peribronchial distending stress after a deep inspiration is lessened, as noted above, but the inward recoil of the airway is lessened even more, producing a more dilated state (13) . Importantly, such behavior implies that in airway smooth muscle there can exist persistent contractile states capable of sustaining high hysteresivity and, therefore, high cross-bridge cycling rate, much like that seen transiently early in force development (Fig. 2) . The mystery is then not so much why airway smooth muscle of the spontaneously obstructed asthmatic subject becomes latched, for it would be expected to do so. The mystery becomes, more so, How does maximally activated airway smooth muscle in healthy and asthmatic subjects with induced obstruction avoid latch? The answer to this question would have broad implications.
Compared with the asthmatic subject with peribronchial inflammation, in the normal subject the bronchial adventitia is thinner, the smooth muscle fiber length is longer, the load it acts against is greater, and the change in peribronchial stress per change in transpulmonary pressure is more (32) . In addition, based on the studies of Tepper et al. (47) and Warner and Gunst (49) , we know that tidal stretches of airway smooth muscle can limit bronchoconstriction. Therefore, there is already good reason to suspect that tidal stretch of http://jap.physiology.org/ airway smooth muscle and its effect on bronchoconstriction would be attenuated in asthma. However, the specific mechanism by which tidal stretch might influence cross-bridge kinetics and their approach to the latch state is not known.
Speculations on a frictional airway ratchet. These findings lead to the speculation that airway smooth muscle in the latch state, as disposed in situ, might behave in a particularly pernicious way. We noted above that airway smooth muscle in latch is transiently unloaded after a deep inspiration and that, as a result, the muscle must recoil passively to a shorter muscle length. But muscle can also shorten actively. When unloaded an increment below isometric force, muscle will shorten at a certain speed. When loaded by a like increment above isometric force, it will lengthen.
The speed of shortening is about five times the speed of lengthening (20, 46; Fig. 6 ). When cyclically loaded and unloaded in the vicinity of the isometric load, muscle is strongly biased toward shortening. It takes up slack relatively rapidly during unloading but pays out slowly during reloading; in this regard the action of muscle is like the ratchet mechanism within a fishing reel. Therefore, when transiently unloaded after a deep inspiration, some small fraction of that transient shortening would be expected to be captured by this ratchetlike action. Over a complete breathing cycle, a small net shortening displacement would have occurred. Over successive cycles, such displacements would be expected to accumulate until, after many such cycles, muscle had shortened appreciably. Shortening would cease only after muscle force at the final equilibrium muscle length had come into balance with opposing parenchymal distending forces biased strongly toward their minimum value over the breathing cycle. There, at that reduced length, the muscle would be stuck, as it were, until the contractile apparatus is deactivated. Rather than being determined by a static balance of forces (32, 52) , here airway luminal narrowing is largely determined by a dynamic balance of forces over the course of a breath, with pivotal roles played by asymmetry of hysteresivities of airway smooth muscle vs. lung parenchymal tissues (with each breath this asymmetry transiently unloads muscle if it is in the latch state) and asymmetry of muscle velocity in lengthening vs. shortening (this asymmetry actively captures transient passive shortening). To be sure, in latch the velocity scale of the entire Hill curve would be less, although the Hill relationship has not been well defined in latch vs. nonlatch contractile states or during submaximal activation. So the ratcheting action that we postulate might be very slow indeed or may not occur at all. But if it does occur, it would be relentless. The issue of the static vs. dynamic determinants of smooth muscle length is further called into question by the fact that optimal length, if it exists at all in airway smooth muscle, adapts plastically to changes of operating length (16, 40) .
The degree and duration of unloading are augmented by excursions to low lung volume and, as such, would give a plausible and straightforward explanation for the striking findings that repetitive expirations to low lung volume precipitate persistent obstruction in healthy volunteers in whom deep inspirations are prohibited (cf. Refs. 9 and 44). We suggest that the healthy subjects in the study of Skloot et al. (44) , with no history of airway inflammation, were unable to reverse induced obstruction when deep inspirations were reinstated because, although deep inspirations had been prohibited, their airway smooth muscle had progressed into latch and, as a result, ratcheted airways to excessively small caliber. In addition, this mechanism would seem to explain the widely observed phenomenon that a fit of laughter, which involves repetitive excursions to low lung volume, frequently precipitates an asthmatic attack. Interestingly, this line of reasoning does not preclude an important role for airway closure at low lung volumes (9, 44) , but on these grounds it may not be necessary to postulate closure to account for persistent obstruction that is refractory to deep inspirations. Indeed, to the degree that closure does contribute, the ratcheting mechanism described here may help to explain a key factor precipitating it. Taken together, these points are sufficient grounds for speculating that airway hyperreactivity in some circumstances may rest on a ratcheting mechanism of the kind described here.
However, no such ratcheting action would be expected in healthy subjects and in asthmatic subjects who are acutely challenged. Ratcheting is not expected in these cases because these subjects transiently dilate their airways in response to a deep inspiration. As such, there would be no slack to take up after a deep inspiration, as if the ratchet pawl had never been engaged.
Summary. Taken together, these results indicate that like shortening velocity and mATPase, mechanical friction in airway smooth muscle is also governed by the rate of cross-bridge cycling (in contrast to a classic viscosity), that h is a continuous mechanical index of the underlying cycling rate, and that, compared with force development, force maintenance (latch) is a lowfriction contractile state. This last finding may account for the unique inability of asthmatic subjects to reverse spontaneous airways obstruction with a deep inspira- Fig. 6 . Hill relation exhibits a discontinuity of slope at isometric point (19) . For alternating loads deviating equal increments above and below isometric load, this discontinuity implies asymmetry of shortening velocity (V shortening ) vs. lengthening velocity (V lengthing tion. As such, this suggests a causal association between the latch state of airway smooth muscle and the failure of a deep inspiration to reverse spontaneous obstruction in asthma.
